Abstract Intramyocardial microvessels demonstrate functional changes in cardiomyopathies. However, clinical computed tomography (CT) does not have adequate spatial resolution to assess the microvessels. Our hypothesis is that these functional changes manifest as altered heterogeneity of the spatial distribution of arteriolar perfusion territories. Our goal was to determine whether the spatial analysis of perfusion CT could clinically detect changes in the function and structure of the intramyocardial microcirculation in a non-ischemic dilated cardiomyopathy (DCM). Two groups were studied: (1) a Control group (12 male plus 12 female) with no risk factors nor evidence of coronary artery disease, and (2) a DCM group (12 male plus 12 female) with left ventricular ejection fraction B40 % and no evidence of coronary artery disease. Using the CT scan, the LV free wall thickness and its radius of curvature were measured. The DCM group was sub divided into those with LV free wall thickness \11.5 mm and those with thickness C11.5 mm. In the myocardial opacification phase of the CT scan sequence, myocardial perfusion (F) and intramyocardial blood volume (Bv) for multiple intramyocardial regions were computed. No significant differences between the groups were demonstrable in overall myocardial F or Bv. However, the myocardial regional data showed significantly increased spatial heterogeneity in the DCM group when compared to the Control group. The findings demonstrate that altered function of the subresolution intramyocardial microcirculation can be quantified with myocardial perfusion CT and that significant changes in these parameters occur in the DCM subjects with LV wall thickness greater than 11.5 mm.
Introduction
Dilated cardiomyopathy (DCM) is generally considered to be a disease process of the myocardium leading to ventricular systolic dysfunction without a causative contribution of impaired myocardial blood flow. This perspective is commonly supported by the demonstration of angiographically normal coronary arteries and normal epicardial coronary artery blood flow. However, more recently, changes in the coronary microcirculation blood flow, particularly due to abnormalities in coronary artery endothelial dysfunction involving resistance and conductance vessels, have been advanced as factors contributing to the impaired myocardial function [1] [2] [3] [4] . Endothelial dysfunction in the setting of myocardial remodeling and systolic dysfunction has also been associated with an adverse prognosis [5, 6] . The issue of the role of changes in the myocardial microcirculation as a causative factor or as an effect of myocardial dysfunction is yet to be clarified. Further, the means of quantitation of abnormalities in coronary blood flow in the clinical setting have been limited most generally to invasive techniques such as coronary angiography with its associated risks. Therefore, a non-invasive method to measure myocardial microcirculation blood flow and flow reserve would likely be highly useful in the clinical evaluation of patients with DCM, particularly early onset DCM when focused therapy could potentially be most beneficial in slowing or reversing the disease process. Thus, the aim of our study was to utilize a computed tomography (CT) perfusion imaging analysis approach that was previously validated and standardized [7] to identify and characterize abnormalities in the structure and perfusion of the coronary microcirculation in patients with DCM relative to subjects without DCM. Our hypothesis is that the disturbed function of myocardial arterioles in DCM manifests as altered heterogeneity of the spatial distribution of arteriolar perfusion territories (of the order of 0.1-0.01 mm 3 volume).
Materials and methods

Patient selection
This study was reviewed and approved by Mayo Clinic Institutional Review Board. All study subjects were selected to be between 45 and 55 years of age. The control group had no cardiac-related symptoms, and with no clinical history of coronary artery disease. The DCM group had a left ventricular ejection fraction (LVEF) B40 %, minimal or no coronary calcification (\100 Agatston units by screening coronary calcium scan) [8] , and no history or electrocardiographic (ECG) evidence of myocardial infarction. Potential study participants were also excluded if they were in atrial fibrillation or had additional risk factors, e.g., smoking, hypertension or diabetes. Additional exclusion criteria were serum creatinine [1.5 mg dL -1 , allergy to intravenous (IV) contrast, renal disease (proteinuria [1 g per 24 h, hematuria, pyrexia, history of glomerulonephristis), pregnancy or lactating, or exposure to IV contrast in previous 48 h. All subjects were consented prior to the screening CT scan.
Imaging
A SOMATOM Definition Flash dual-source CT scanner (Siemens Medical Solutions, Forchheim, Germany) was used for scanning the subjects. Each CT image consists of small voxels, each with a gray scale proportional to the X-ray attenuation coefficient (l). The scanner's accuracy and sensitivity is frequently calibrated to ensure that this value is reproducible in different subjects. In clinical CT scanner images, the gray scale is expressed as Hounsfield Units (HU) = 1000 [l(tissue) -l(water)]/[(lwater)]. Table 1 summarizes the scanning parameters used in this study.
Subjects were scanned without drugs to slow the heart rate. Mid ventricular heart sections were scanned using prospective ECG gated scanning during diastole. At heart rates less than or equal to 60 beats per minute (bpm) the heart was scanned every heart cycle during the passage of the intravascular contrast bolus through the LV, but at rates exceeding 60 bpm the heart was scanned every other heart beat. Patients were coached in the use of an interactive breath control device system (bellows) [9] in order to keep their diaphragm in the same position and hence to ensure that the subjects' heart position did not change throughout the 30 s scan sequence. A peripherally injected bolus of contrast medium was used to generate time attenuation curves (TAC) to estimate, intramyocardial blood volume (Bv) and myocardial perfusion (F) [10] . The ECG-triggered scans were obtained during diastole in order to limit heart movement during each scan, as well as to image the heart at a state of maximum F [11] and Bv [12] . The nonionic contrast agent used contained 350 mg mL -1 of iodine and was injected at a volume of 0.25 mL kg -1 into the antecubital vein at 5 mL s -1 . The 0.25 mL kg -1 contrast dose was a tradeoff between the need for minimal contrast burden as well as an attempt to shorten the duration of the cointravascular contrast bolus transit through the heart. The shorter the bolus duration the more accurate the estimated F and Bv values [13] . However, we had to maintain a sufficient concentration of the bolus so that the peak deflection of TAC within the smallest myocardial nROI was at least twice the CT image noise. Six seconds after start of the injection the X-ray of the CT scanner was turned on for the 30 s ECG gated scan protocol. Subjects were asked to hold their breath for at least 30 s during which they were asked to keep the diaphragm at the same level by watching the light emitting diode (LED) indicator of thoracic circumference. Following the scan, the amount of beat to beat motion of the LV free wall epicardial/ lung interface motion was measured in the CT images to confirm the subjects' adherence to the breath-holding regime.
Computing LV wall thickness and curvature
The end-diastolic LV free wall was outlined manually when peak opacification of the LV chamber occurred. The myocardial wall thickness (T) was measured at right angles to the endo-and epicardial surfaces at multiple points along the wall and an average value was determined. The wall curvature (R) at that point in the wall was computed from a circular arc fitted to the endocardial surface of the wall. The ratio of wall thickness to radius of curvature is an index of LV wall stress (r) as derived from the Laplace's Law (P 9 R = r 9 T, i.e., r/P = R/T), where P is the transmural pressure. We chose the upper limit of left ventricular free-wall thickness to be 11.5 mm based on the published ultrasound [14] [15] [16] and MRI [15] data.
Computing Bv and F from the myocardial time attenuation curve (TAC)
The TAC were generated from the average HU value within a selected Region of Interest (ROI) within the CT images obtained from the sequential scans obtained during a single breath-hold. In this study we used a gamma variate curve fit to the TAC data. The effect of CT image noise on the smoothness of the TAC can be greatly reduced by fitting the CT-based data with a gamma variate curve [17] . Gamma-variate curves describe the change in contrast concentration in the LV chamber as:
where C(t) is the contrast medium concentration as a function of time, which is represented by the CT numbers in Hounsfield units (HU) above the background CT value, t is the time (in seconds) beginning at the appearance of the TAC, and a, b, and c are the curve-fitting parameters (derived by the fitting procedure). It has been shown that a single gamma variate curve well describes the LV and aortic curves, but the myocardial curve is best represented by the superposition of an intravascular component and an extravascular component (caused by contrast in the extravascular space resulting from the permeability of the capillary endothelium) as:
where the intravascular component is described by the ct a exp(-t/b) component and was used in our analysis of the myocardial perfusion and intramyocardial Bv. Using the derived gamma-variate curves, the Bv was calculated as the ratio of the area under the myocardial TAC divided by the area under the LV chamber TAC. F was also derived from the gamma variate curves as described elsewhere [18] .
Myocardial perfusion (F) was computed and confirmed by the method described using an Electron Beam CT scanner using dogs [19] and pigs [20] . Use of helical multislice CT using pigs [18] form the basis for the quantification of F and Bv in this current study.
Analysis of the spatial heterogeneity of F and Bv
To calculate the index of spatial heterogeneity of F and Bv, the master ROI over the LV free wall was subdivided into a number of nested transmural ROIs (nROIs) within the master ROI. These nROI were of equal area (or volume if multiplied by thickness of myocardium within a single CT slice image). As different subjects had different heart sizes, the area of the master ROI would differ for each subject. This ROI was subdivided into multiple nROI. We developed computer software to accomplish this goal to avoid subjective error and reduce processing time. Each one of the nROIs is then used to generate its own myocardial TAC. The minimum allowable size of the nROI was established by examining the role of CT image noise in this analysis. Increasingly smaller nROI regions were analyzed within the left ventricular chamber (where no microscopic perfusion defects exist). Hence, any variation in CT image gray scale of the LV chamber is primarily due to CT image noise. The analysis was performed on a CT image at peak contrast enhancement for the left ventricular chamber. The point at which this 'random noise' equals or exceeds the variation seen within the opacified myocardium was used to determine the lower limit for nROI size-below which the CT noise dominates over the TAC signal.
As illustrated in Fig. 1 , the master ROI over the LV wall was divided into 4, 8 and 16 nROI (each of the individual 16 nROIs being not less than the minimum size as ''allowed'' by the noise analysis). When the myocardial TACs were computed for each nROI, then the F and Bv were calculated for each nROI. The mean (M) and standard deviation (SD) were then calculated for the values obtained for each set of nROI of the same size. These data were then used to calculate the slope and offset (bias) of the linear regression of the scatter plot Log(SD/M) vs Log(size of one nROI). The slope of this regression would be -0.5 if the distribution of hypoperfused territories is random [21] and would be 0.0 if the distribution is homogeneous. Slope values between these extremes are consistent with the local correlation between perfusion territories. The above analysis was performed in the up to fourteen 4.8 mm thick CT slices in each subject.
As shown in a simulation by Behrenbeck et al. [7] the impact of microperfusion territory size on the nROI analysis is a decrease in bias of the regression with decreasing microperfusion territory size. In that simulation, there was no change in regression slope because the spatial distribution is random in that simulation.
Statistical analysis
The statistical characteristics of overall group parameters, overall LV myocardium values, and regional myocardial Bv and F data were analyzed with the software package Matlab (R2011b, The MathWorks, Natick, MA). Values are presented as mean and SD (M ± SD) and percent or number in category. A t test was performed to compare both the Control to DCM groups, as well as compare male to female within the same group. In the case of the regional myocardial Bv and F data, for each subject a regression line was computed. The slope and intercept were considered as individual measurements for each group. The results were deemed significant when P \ 0.05.
Results
Subject characteristics
In total, fifty-three subjects were screened. Of these, five subjects were excluded resulting in the analysis of fortyeight, age matched, participants. In the Control group the average AU score was 4.1 ± 7.9 for the males and 0.0 for all females. For the DCM group the average score for the males was 13.7 ± 30.0 and for the females was 1.6 ± 4.4.
Of the candidates for the DCM group 1 female and 2 males were excluded because their calcium scores exceeded 100 AU. Of the subjects recruited, 12 men and 12 women were included for both the DCM group and the Control group. Table 2 lists the clinical characteristics and demographics for the study cohort. Plasma lipids were within normal range according to NCEP III guidelines [22] for the 'Control' and the ''DCM''group.
Subject X-ray dose
The CT scans resulted in a total patient X-ray dose (assuming the conversion factor described in Ref. [23] ) of 9.12-11.59 mSv when the heart was scanned at every sequential heart cycle and 6.77-8.71 mSv when the heart was scanned every other heart cycle.
Determination of minimum size of the myocardial region of interest Analysis to determine the lower limit for a useful nROI volume gave a lower bound of 15 mm 3 (i.e., 1.77 9 1.77 mm 2 in-plane area) for the smallest nROI size that could be used in the analysis in order to prevent significant corruption by CT image noise.
Regional CT image analysis values of LV myocardium
Because the scans obtained at \60 bpm were obtained for every heart cycle but in those with [60 bpm every other heart cycle, we regenerated the TAC of the \60 bpm by taking every other TAC value. The area under those regenerated curves differed from the original (every heart Table 3 summarizes the stroke volume, intramyocardial Bv and myocardium perfusion (F) for each sex and group. Figure 2 shows the regression analysis findings for the spatial heterogeneity of Bv of both groups as well as the breakdown for the cardiomyopathy subjects with LV wall thickness less than 11.5 and more than 11.5 mm left ventricular hypertrophy (LVH). The feature of note is that the slope both the male and female of the DCM groups are significantly (P \ 0.05) more negative than the Control group, consistent with the DCM group having decreased local correlation between perfusion territories. The bias in DCM males is lower than in the Control males, consistent with deceased arteriolar perfusion territory volume. There is no significant difference for the females.
Because some of the subjects had non-zero coronary calcium scores (albeit all were selected to have scores of \100 Agatston Units) the comparison of the ''LVH'' to the Control group was repeated without those subjects with any evidence of coronary calcification. The analysis showed that there was no statistically significant difference to the prior analysis of differences in the slopes or biases of the log/log regressions between Control, and cardiomyopathy, subjects for both male-to-male and female-to-female comparisons.
Because there were significant differences in body weight and heart rate (those with HR B 60 bpm had a scan every heart cycle whereas those with HR [ 60 bpm were scanned every other heart cycle) within each group we reanalyzed the data for just those with body weight between 70 and 90 kg and those with heart rates B60 bpm. Within those limits there was no statistically significant difference (t test) of body weight or heart rate between the groups. Also, the analysis within those limits did not show any significant differences between the regression slopes (P [ 0.05) for F and Bv spatial heterogeneity in the females and in the male subsets within the Control and DCM groups relative to the analysis involving all subjects in each group. Table 4 summarizes the LV free wall thickness/wall radius of curvature (an index of wall stress) for each sex in each group. Except for the males with wall thickness greater than 11.5 mm in the DCM group both sexes showed significant increases in the wall stress index within each of the groups.
Discussion
Magnetic Resonance Imaging (MRI) has been used to detect fibrosis in the myocardial wall and used as an indicator of some cardiomyopathies. The method involves quantifying delayed enhancement of the myocardium following an injection of a gadolinium-based contrast agent [24] Heart rate for group (bpm) 60.7 ± 7.6 65.2 ± 6.9 61.0 ± 11.3 59.2 ± 6.6
Number (\60 bmp) 6 (54.2 ± 4.4) 2 (57.5 ± 0.7) 6 (54. Although MRI is also used to establish the spatial distribution of myocardial perfusion [25] . These two methods seem to correlate well with the presence of some cardiomyopathies but the scan duration required to generate these data is probably too long for routine clinical use. It is also not clear that sufficiently small regions of interest within the myocardium can be used to provide meaningful indication of the spatial heterogeneity of patchy fibrosis and/or perfusion. An advantage of CT is its speed while maintaining high spatial resolution. The findings of this study reveal that differences in regression bias and slope magnitudes reflect differences in intra-myocardial arteriolar function. A more negative slope is consistent with a more random distribution of perfused territories. More random distributions are consistent with contiguous perfusion territories not being sensitive to the perfusion (or non-perfusion) of their neighboring perfusion territories. This sets the stage for larger areas with poor perfusion. The intersection of the DCM and Control regressions is an index of the areas of arteriolar perfusion territories in the DCM subjects. The perfusion territory areas (or volume multiplied by CT image slice thickness) in females are smaller than in the males. These areas are larger than the perfusion territories in subjects with presymptomatic coronary atherosclerosis [7] . These results are consistent with the DCM patients having larger arterioles involved than the arterioles affected in early atherosclerosis. Malyar et al. [26] showed in pigs that the perfusion territory of a terminal arteriole (\0.03 mm lumen diameter) was about 0.3 mm in diameter and the territory of an arteriole of the order of 0.2 mm lumen diameter has a perfusion territory of approximately 2 mm diameter. As summarized by Kuo et al. [27] the terminal arterioles are particularly sensitive to pressure, metabolites, and agonists-whereas the larger arterioles are more sensitive to flow. These results are consistent with early atherosclerosis being mediated by changes in the endothelium (which is of increased impact in the terminal arterioles versus the larger arterioles in DCM being more affected by the smooth muscle which is of increased functional significance in the Fig. 2 Least squares, best fit, regressions to the fractal analysis Bv results for all subjects within each group. The left panels are for females and the right panels are for males. The upper panels are for those DCM subjects with LV wall thickness less than 11.5 mm and the lower panels for those DCM subjects with LV wall thickness greater than 11.5 mm. Each panel has a regression for the DCM and the entire control group No statistically significant differences between females and between males at the same wall thickness group larger arterioles. Our results and their interpretation are consistent with other studies [28] which suggest that coronary microvascular abnormality is an important feature in DCM. The myocardial regional data showed significantly increased spatial heterogeneity in the DCM group when compared to Control group. This study demonstrates an analysis of the microcirculation of cardiomyopathy patients at the level of the arterioles which, up to now, has involved only invasive techniques. Up to now, non-invasive direct assessment of the coronary microcirculation has not been clinically possible, thus there has not been a universally adopted therapy for these patients.
Our model would allow assessment of reversibility of the microvascular component of DCM and could help in demonstrating the transition to irreversible and possible structural heart disease. The nested Region-of-Interest analysis method does indicate the sub-resolution differences in perfusion distribution. As indicated in Fig. 2 , the difference in the regression slope of the DCM group is consistent with a tendency for the spatial distribution in the DCM group to be more random than in the Control group. In the Control group the local correlation could be due to any one active perfusion territory providing adequate perfusion to its neighboring perfusion territories. This effect would likely result in ''discouragement'', i.e., less perfusion of contiguous territories as adjacent territories supply sufficient nutrients, which would be at odds with the chances of some of the contiguous perfusion territories being active if the spatial distribution was purely random.
In an effort to minimize invasiveness only 0.25 mL contrast per kg (i.e., on average, 20 mL) was injected intravenously over 5 s. It is doubtful that the contrast volume can be further reduced, but it is likely that the X-ray exposure can be further reduced. This would require additional application of post-scan image analysis noisereduction approaches.
Because differences of body weight could influence CT image noise due to differences in X-ray attenuation and beam hardening, and because differences in TAC curve sampling intervals (due to scans occurring every heart cycle at B60 bpm vs. every second heart cycle at [60 bpm) could affect the fidelity of the curve analysis, we also performed analysis in a subset of subjects so as to minimize these plausible impacts. As we could show no differences (P [ 0.05) from the analysis of the entire group, we conclude that even the smallest nested ROI was still large enough to render the ''photon noise'' component of the overall CT image noise insignificant for our analysis. Moreover, the lack of impact of the TAC sampling intervals is consistent with the relatively long duration of the TAC (greater than the 4 s injection duration) rendered these sampling differences insignificant.
Conclusion
This study demonstrates in human subjects that subresolution spatial distribution at the microcirculatory level can be quantified with perfusion CT and that significant changes in spatial heterogeneity of intramyocardial Bv and myocardial perfusion occur in subjects with DCM.
